Abstract-A quadratic two-photon photocurrent is measured in a novel multiple-quantum well GaAs laser waveguide at 1550 nm. We show that this device is ideal for nonlinear detection and signal processing applications due to its large efficiency and high sensitivity. In particular, we measure the autocorrelation trace of a 100 fs pulse using sub-watt peak power levels.
INTRODUCTION
Two photon detectors have become increasingly important for ultrafast signal processing applications and for the characterization of ultrashort pulses [1] [2] [3] [4] [5] [6] . Recently, they have been shown to be ideal for optical time division multiplexing [3] , optical performance monitoring [4] , switching [5] , and for optical thresholding devices in code division multiple access systems [6] . They are attractive since they combine both the (near instantaneous) nonlinear response with a direct conversion to the electrical domain in a small, cost-effective package.
Integrated nonlinear detection through two-photon absorption (TPA) in semiconductor waveguides has previously been demonstrated in silicon [7] and AlGaAs [8, 9] . Despite the large amount of work dedicated to this field in the early 90's, the inclusion of quantum wells for nonlinear detection purposes has not been explored. Given the surge in activity in all-optical signal processing during the last 6 to 8 years [10] , it is certainly of significant interest to see whether the enhanced performance of the linear GaAs/AlGaAs multiple quantum well (MQW) optoelectronic devices developed in the 1990s [11] [12] [13] [14] for operation at ∼ 775 nm also translate into improved performance for nonlinear (two-photon based) operation at 1550 nm (i.e., near the half-bandgap).
In this paper we report a novel GaAs MQW laser structure and demonstrate a two-photon nonlinear photocurrent at 1550 nm. This device is similar to previous [11] components developed to achieve efficient multifunctional (laser, electroabsorption modulator, photodetector) performance at 850 nm. Here, we show that our device also displays similar advantages when operated as a nonlinear photodetector near 1550 nm, such as improved quantum efficiency, high speed operation as well as a large sensitivity. Moreover, we demonstrate the practical use of this device as an integrated autocorrelator by measuring the trace of 100 fs pulses. Because these components operate efficiently both as reverse-biased EA modulators and two photon detectors, they raise the prospect of being able to electrically modulate the TPA coefficient and hence the nonlinear figure of merit (FOM) [15, 16] at 1550 nm (i.e., near half the direct bandgap, as mentioned before) via the quantum confined Stark Effect.
THEORY
Nonlinear absorption processes arise from the imaginary part of the odd order nonlinear susceptibilities [15] , and generally occur at high optical intensities. When the photon energy is greater than half the bandgap, a two-photon process can occur whereby an electron is excited to the conduction band via a 2 step process involving a virtual state. Efficient TPA photocurrent results for photon energies comprised between the bandgap and the half-band gap, which for GaAs is typically between 0.71 EV and 1.43 eV (870 nm to 1740 nm). This photocurrent can be shown to be quadratic with the input light power (or intensity) in the device [17] :
Here J is the photocurrent, P 0 is the input power, A eff the effective area of the mode in the waveguide, h is Planck's constant, f the frequency of the incident light, β is the TPA coefficient, z the propagation length in the waveguide and e the electronic charge. η refers to the internal quantum efficiency, namely the ratio of electron-hole pairs collected to the absorbed number of photons absorbed in the material. Several approximations are required to arrive at Equation (1), including neglecting free carrier and single photon absorption, as well as requiring moderate power levels (as the photocurrent saturates at high powers). These approximations have been justified experimentally below and theoretically elsewhere [17] . Two useful parameters in determining the efficiency of the nonlinear photocurrent process for practical applications are the external quantum efficiency and the device sensitivity, defined by:
Equation (2) relates how much photocurrent is generated for the total light power coupled into the waveguide device (to differentiate from the internal efficiency which relates the absorbed power, a quantity hard to measure experimentally), where as Equation (3) describes the minimum photocurrent observable in the device and in parenthesis the typical efficiency for second harmonic generation autocorrelators.
DEVICE AND FABRICATION
The MQW waveguide structure is composed of an Al x Ga 1−x As heterostructure, as is shown in Figure 1 , which was grown via molecular beam epitaxy while precisely controlling the doping and the temperature. A p-i-n junction was formed by p-doping the top side of the device with beryllium and the bottom side (n-doped) with silicon. The active layer consists of four GaAs quantum wells of 8 nm widths separated by 3.5 nm Al 20 Ga 80 As barriers and forms the core region of the waveguide structure. A high quality film morphology was targeted in order to produce better laser and detector performances than those in bulk GaAs/AlGaAs TPA detectors. The waveguide ridge was defined using stepper lithography and patterned with inductively coupled plasma dry etching, resulting in extremely low sidewall roughness. The device was finally metalized, annealed and then cleaved into 250 µm long bars. 
QUADRATIC PHOTOCURRENT
Pulses from a mode-locked fiber laser, emitting 1 ps pulses at 5.2 MHz and centered at 1550 nm, were used to characterize the nonlinear photocurrent from the MQW device. The waveguide was placed on a three dimensional micro-positioner and 50X objectives were used to focus the light onto and out of the device. A Lock-In amplifier (in current mode) was used to measure the generated current by probing the top (p-side) of the device. Average power measurements were performed using a photodetector, from which the peak power of our pulses were obtained from the given laser repetition rate and experimentally measured time duration of the pulse. A transverse electric mode polarization was used in all our experiments. Characterization of the device at the bandgap (∼ 850 nm) was first performed [17] , which confirmed the device operation as a laser as well as the expected quantum confined Stark Effect when the device was biased [18] . Subsequently, using a variable neutral density filter and the 1550 nm source, we varied the incident power on the MQW device between 0 to 2 Watts and recorded the generated photocurrent. The photocurrent was found to be purely quadratic, confirming the TPA nature, as can be seen in Figure 2 . It was found that single photon absorption was negligible which testifies to the excellent growth quality of the device. In fact, the photocurrent remained purely nonlinear for sub-Watt peak powers. Note that the absolute level of absorption of the device is quite low. This is a direct result of the short waveguide length -we estimate that > 200 W peak power would be needed to induce a 10% decrease in transmission from TPA alone, which although readily achievable with standard laser sources, would damage the structure. These results suggest that our device is ideal for telecommunication applications where low energy pulses are used, as the pulse can be sampled, monitored or characterized from the effects owing to a strong TPA, while still maintaining an excellent throughput which shows no trace of nonlinear phase or modulation.
We also determined the external efficiency as a function of input peak power (plotted in Figure 2 ) and obtained the expected linear relation. The external efficiency of our device was calculated according to Equation (2), from which the slope of the linear fit of Figure 2 was determined to be 8.6 × 10 −5 W −1 , seven orders of magnitude greater than previously reported in photodiodes [19] , and comparable with previously reported p-i-n waveguide devices [9] . The inclusion of quantum wells is predicted to have a large increase in the quantum efficiency, and can be theoretically close to 100% as previously shown in similar GaAs laser structures [12, 13] . By making this assumption, the TPA coefficient can also be estimated, and we obtain β ∼ 0.54 cm/GW from Equation (18), agreeing very well with previous reports in non-MQW AlGaAs waveguides [20] .
The minimum detectable photocurrent with our TPA photodetector, i.e., 28 pA, was obtained at a peak input peak power as low as 330 mW. Using Equation (3) we estimate the sensitivity of the device to be 0.1 nA/mW 2 (0.28 mW 2 ), orders of magnitude better than commercial SHG autocorrelators where ∼ 10 −3 nA/mW 2 are typically observed when they are coupled to photomultiplier tubes [21] . These results compare well with recent reports of SOI and InGaAsP based waveguide autocorrelators with sensitivities of 1 mW 2 [22] and 0.08 mW 2 [23] , respectively. Recent results in GaAs microcavities have shown a sensitivity of ∼ 9.3×10 −4 mW 2 due to the TPA enhancement [24] , suggesting that a highly reflective coating on our waveguide facets would significantly increase its sensitivity. The external efficiency as a function of the coupled input peak power.
AUTOCORRELATION
To demonstrate the feasibility of using the MQW waveguide device in practical applications, a pump-probe set-up was built whereupon an incident pulse was split into 2 using a 50 : 50 beam splitter. One of the arms was temporally delayed and cross polarized with respect to the original, and then both arms were recombined by means of a second beam splitter and then sent into the waveguide via the end-fire coupling set-up described above. As the photocurrent generated is proportional to the light power squared (or intensity squared), the autocorrelation of the input pulse can be measured by simply tuning the delay.
For this experiment, 100 fs pulses from an optical parametric oscillator (OPO) at 80 MHz were used. The autocorrelation of this pulse was experimentally measured to have a FWHM of 145 fs, and can be seen in Figure 3 . Assuming a Gaussian shape for the pulse, this corresponds to the expected 100 fs pulse from the OPO. An autocorrelation trace was also obtained with a standard commercial second-harmonic autocorrelator, which proves the accuracy of our waveguide device for this application. Our set-up allowed for a 1 fs resolution, although limitations from modal dispersion (between the cross-polarized pulses) and TPA process speed also need to be considered. The interference is about the mean 'non-interference' value which we obtained (red) by simply averaging the experimental data. The autocorrelation obtained with a commercial SHG autocorrelator is also shown (Black).
CONCLUSION
We demonstrate two-photon detection in a reverse biased GaAs MQW laser structure near 1550 nm for the first time. We observed a purely nonlinear TPA photocurrent at 1550 nm with a high sensitivity and external efficiency. Moreover, an autocorrelation trace of ultrashort 100 fs pulses was obtained. These results are extremely promising for nonlinear signal processing applications such as optical performance monitoring and pulse characterization, where the benefit of low cost and ability to combining a nonlinear optical response with direct optical to electrical conversion is extremely useful. The MQW structure also raises the prospect of several qualitatively new features for TPA detectors such as a combined nonlinear optical and ultrafast electrical response, with efficient carrier sweep-out rates greatly reducing the effects of TPA generated carrier pile-up, as well as the potential for direct electrical control of the nonlinear figure of merit via the quantum confined Stark Effect.
